Abstract | In response to a peripheral infection, innate immune cells produce pro-inflammatory cytokines that act on the brain to cause sickness behaviour. When activation of the peripheral immune system continues unabated, such as during systemic infections, cancer or autoimmune diseases, the ensuing immune signalling to the brain can lead to an exacerbation of sickness and the development of symptoms of depression in vulnerable individuals. These phenomena might account for the increased prevalence of clinical depression in physically ill people. Inflammation is therefore an important biological event that might increase the risk of major depressive episodes, much like the more traditional psychosocial factors.
Anyone who has experienced a viral or bacterial infection knows what it means to feel sick. The behaviour of sick people changes dramatically; they often feel feverish and nauseated, ignore food and beverages, and lose interest in their physical and social environments. They tire easily and their sleep is often fragmented. In addition, they feel depressed and irritable, and can experience mild cognitive disorders ranging from impaired attention to difficulties in remembering recent events. Despite their negative impact on well-being, these symptoms of sickness are usually ignored. They are viewed as uncomfortable but banal components of infections 1 . Sickness is a normal response to infection, just as fear is normal in the face of a predator. It is characterized by endocrine, autonomic and behavioural changes and is triggered by soluble mediators that are produced at the site of infection by activated accessory immune cells. These mediators are known as pro-inflammatory cytokines, and include interleukin-1α and β (IL-1α and IL-1β), tumour necrosis factor-α (TNF-α) and interleukin-6 (IL-6). They coordinate the local and systemic inflammatory response to microbial pathogens. However, these peripherally produced cytokines also act on the brain to cause the aforementioned behavioural symptoms of sickness. Recently, it has been suggested that 'sickness behaviour' 2, 3 , a term used to describe the drastic changes in subjective experience and behaviour that occur in physically ill patients and animals, is an expression of a previously unrecognized motivational state. It is responsible for re-organizing perceptions and actions to enable ill individuals to cope better with an infection 4 . During the last five years, it has been established that pro-inflammatory cytokines induce not only symptoms of sickness, but also true major depressive disorders in physically ill patients with no previous history of mental disorders. Some of the mechanisms that might be responsible for inflammation-mediated sickness and depression have now been elucidated. These findings suggest that the brain-cytokine system, which is in essence a diffuse system, is the unsuspected conductor of the ensemble of neuronal circuits and neurotransmitters that organize physiological and pathological behaviour. In this Review we discuss how the brain engenders sickness behaviour in response to peripheral infections. We then review the evidence that pro-inflammatory cytokines can also trigger the development of depression in vulnerable individuals, and the possible underlying mechanisms. Finally, we discuss how these actions of cytokines in the brain might have a role in at least part of the increased prevalence of depression in people with physical illness
.
Immune signals from periphery to brain The brain has long been considered an 'immune-privileged' organ but this immune status is far from absolute and varies with age and brain region 6 . Moreover, the brain contains immune cells, such as macrophages and dendritic 
Vagal nerve
The 10th pair of cranial nerves that innervates the pharynx, larynx and visceral organs. It contains more afferent than efferent nerve fibres and projects from the medulla oblongata in the brain stem to the colon.
Toll-like receptor
Highly conserved membrane spanning receptor that recognizes pathogenic molecules that are distinct from host antigens (collectively referred to as pathogenassociated molecular patterns).
Circumventricular organs
Structures that surround the brain ventricles and are devoid of a functional blood-brain barrier because of fenestrated capillaries.
Blood-brain barrier
A series of structures that limit the penetration and diffusion of circulating water-soluble substances into the brain and include tight junctions between endothelial cells of brain capillaries, a dense network of astrocytes, a reduced volume of extracellular milieu and efflux pumps. cells, which are present in the choroid plexus and meninges. Brain parenchymal macrophages, known as microglial cells, are more quiescent in comparison with other tissue macrophages but can respond to inflammatory stimuli by producing pro-inflammatory cytokines and prostaglandins. In addition, both neuronal and non-neuronal brain cells express receptors for these mediators 7 . The brain monitors peripheral innate immune responses by several means that act in parallel (FIG. 1) . one pathway involves afferent nerves: locally produced cytokines activate primary afferent nerves, such as the vagal nerves during abdominal and visceral infections 8, 9 and the trigeminal nerves during oro-lingual infections 10 . In a second, humoral pathway, Toll-like receptors (TLRs) on macrophage-like cells residing in the circumventricular organs and the choroid plexus respond to circulating pathogen-associated molecular patterns by producing pro-inflammatory cytokines 11 . As the circumventricular organs lie outside the blood-brain barrier, these cytokines can enter the brain by volume diffusion 12 . A third pathway comprises cytokine transporters at the blood-brain barrier: pro-inflammatory cytokines overflowing in the systemic circulation can gain access to the brain through these saturable transport systems 13 . Finally, a fourth pathway involves IL-1 receptors that are located on perivascular macrophages and endothelial cells of brain venules 14, 15 . Activation of these IL-1 receptors by circulating cytokines results in the local production of prostaglandin e2.
engagement of these immune-to-brain communication pathways ultimately leads to the production of proinflammatory cytokines by microglial cells. This process requires the convergent action of two events with different time courses: the activation of the rapid afferent neural pathway, and a slower propagation of the cytokine Figure 1 | Pathways that transduce immune signals from the periphery to the brain. The brain and the immune system communicate through different pathways. a | In the neural pathway, peripherally produced pathogen-associated molecular patterns (PAMPs) and cytokines activate primary afferent nerves, such as the vagal nerves during abdominal and visceral infections 8, 9 and the trigeminal nerves during oro-lingual infections 10 . Vagal afferents project to the nucleus tractus solitarius (NTS), and from there to the parabrachial nucleus (PB), the ventrolateral medulla (VLM), the hypothalamic paraventricular and supraoptic nuclei (PVN, SON), the central amygdala (CEA) and the bed nucleus of the stria terminalis (BNST). These last two structures form part of the extended amygdala, which projects to the periaqueductal grey (PAG). b | The humoral pathway involves circulating PAMPs that reach the brain at the level of the choroid plexus (CP) and the circumventricular organs 11 , including the median eminence (ME), organum vasculosum of the laminae terminalis (OVLT), area postrema (AP) and suprafornical organ (SFO). In the circumventricular organs, PAMPs induce the production and release of pro-inflammatory cytokines by macrophage-like cells expressing Toll-like receptors (TLRs). As the circumventricular organs lie outside the blood-brain barrier (BBB), these cytokines still need to reach the brain. They do so by mechanisms that are still unknown, but involve volume diffusion 12 .
Volume diffusion
A form of neurotransmission that involves the diffusion in the extracellular space of neurotransmitters that are normally released from neurons. Volume diffusion permits neurotransmitters and cytokines to reach extrasynaptic receptors.
Parenchyma
The tissue of an organ, in this case the brain, that supports its functions and is distinct from supporting and connective tissue.
Anti-inflammatory cytokines
Together with specific cytokine inhibitors and soluble cytokine receptors, these are immunoregulatory molecules that down-regulate the proinflammatory cytokine response.
Innate immune system
Part of the immune system that is responsible for natural immunity and is geared toward efficiently recognizing pathogenic molecules independently of any prior exposure.
message within the brain. Activation of the neural pathway (FIG. 1) probably sensitizes target brain structures for the production and action of cytokines that propagate from the circumventricular organs and the choroid plexus into the brain 16 . This way the brain forms an 'image' of the peripheral innate immune response that is similar in its elementary molecular components to the response in the periphery. The main difference is that this brain image does not involve an invasion of immune cells into the parenchyma and is not distorted by tissue damage that occurs at the site of infection.
The brain circuitry that mediates the various behavioural actions of cytokines remains elusive (FIG. 1) . The social withdrawal that characterizes cytokine-induced sickness behaviour is unlikely to be mediated by the same brain areas as those underlying other responses to infection such as reduced food consumption 17 or activation of the hypothalamus-pituitary-adrenal axis 18 . ultimately, the site of action of the cytokine message depends on the localization of cytokine receptors or receptors for intermediates such as prostaglandins e2. These cytokine receptors are difficult to visualize on membranes because the number of receptor sites per cell is very low 19 and they are easily internalized. Nevertheless, IL-1 receptors were first localized in the granule cell layer of the dentate gyrus, the pyramidal cell layer of the hippocampus and the anterior pituitary gland 20 . More recently, they were identified in endothelial cells of brain venules throughout the brain, at a high density in the preoptic and supraoptic areas of the hypothalamus and the subfornical organ, and a lower density in the paraventricular hypothalamus, cortex, nucleus of the solitary tract and ventrolateral medulla 14 . Although the search for neuronal receptors currently dominates research in this field, the possibility of nonneuronal actions should not be neglected as cytokines potently modulate the functioning of endothelial and glial cells.
Cytokines and sickness behaviour
The main pro-inflammatory cytokines involved in sickness behaviour are IL-1β and TNF-α. Systemic administration of lipopolysaccharide (LPS) induces the expression of IL-1β and other pro-inflammatory cytokine mRNAs and proteins in the brain [21] [22] [23] [24] [25] . This expression occurs at doses of LPS that do not cause sepsis.
Pharmacological experiments have amply demonstrated that systemic or central administration of IL-1β or TNF-α to rats and mice induces the full spectrum of behavioural signs of sickness in a dose-and time-dependent manner 4 . In general, animals injected with IL-1β or TNF-α stay in a corner of their home cage in a hunched posture and show little or no interest in their physical and social environment unless they are stimulated. Specifically, they show decreased motor activity, social withdrawal, reduced food and water intake, increased slow-wave sleep and altered cognition (FIG. 2) . In addition, they often have increased pain sensitivity, although this can be followed by hypoalgesia at later stages of sickness. IL-1 in the brain also has a pivotal role in the occurrence of fatigue as assessed by decreased resistance to forced exercise on a treadmill 26 . Finally, IL-1β and TNF-α flatten the diurnal rhythm of activity by decreasing the expression of steady-state mRNAs for clock genes that control the amplitude but not the period of activity rhythms 27, 28 . In contrast to IL-1β and TNF-α, IL-6 administered systemically or centrally has no behavioural effect despite its ability to induce a fever response 4 . However, LPS-induced sickness behaviour and hippocampusmediated cognitive impairment are less noticeable in IL-6-deficient mice than in wild-type controls 29 . This deficit is caused by a less marked expression of TNF-α and IL-1β in the brain in response to LPS 29 , indicating that brain IL-6 contributes to the expression of brain cytokines in response to immune stimuli.
Anti-inflammatory cytokines regulate the intensity and duration of sickness behaviour, probably by inhibiting pro-inflammatory cytokine production and attenuating pro-inflammatory cytokine signalling 30, 31 . In particular, central administration of IL-10 or insulin-like growth factor I (IGF-I), a growth factor that behaves like an anti-inflammatory cytokine in the brain, attenuates behavioural signs of sickness induced by centrally injected LPS 32, 33 . This protective effect of IGF-I is more noticeable in TNF-α-than IL-1β-induced sickness behaviour 34 . These data are consistent with the idea that in the brain, as in systemic organs, the natural balance between pro-and anti-inflammatory cytokines regulates the intensity and duration of the response to immune stimuli.
Corroborating the need for balance between proand anti-inflammatory cytokines in the brain are studies in IL-10-deficient mice and in aged or obese mice. Compared to wild-type mice, IL-10-deficient mice respond to intraperitoneal administration of LPS with an exaggerated sickness behaviour that is associated with an increased expression of pro-inflammatory cytokine genes in the brain. These very recent findings have not yet been reported but are supported by an earlier study which showed that LPS-induced fever was exaggerated and prolonged in IL-10-deficient mice 35 . Ageing is associated with increased activity of the innate immune system, which at the brain level translates into an enhanced production of pro-inflammatory cytokines, such as IL-6, and a decreased production of anti-inflammatory cytokines, including IL-10 (REFS 36,37). Simultaneously, aged mice show more severe sickness behaviour after administration of LPS 38 . Macrophages from obese db/db mice, which are a model for type 2 diabetes, respond to LPS with an increased production of IL-1β and a lowered production of IL-1 receptor antagonist and IL-1 receptor II compared with non-diabetic mice. Their more pronounced sickness behaviour in response to LPS and IL-1β injected peripherally or centrally is commensurate with this abnormality at the macrophage level 39 .
A role for cytokines in depression?
The similarity between the symptoms of cytokineinduced sickness behaviour and depression is striking: in both cases there is a withdrawal from the physical and social environment that is accompanied by pain, Nature Reviews | Neuroscience 
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malaise and decreased reactivity to reward (anhedonia). Moreover, some components of sickness behaviour, such as a decreased preference for sweet solutions and reduced social exploration, are improved by antidepressant treatment 40 . In humans, major depressive disorders develop in roughly a third of patients who are treated with the recombinant human cytokines IL-2 and interferon-α (IFN-α) 41 . In agreement with these findings, major depressive disorders are more prevalent in patients afflicted with conditions that lead to chronic Figure 2 | increased brain cytokine signalling impairs learning and memory. Studies in animals have demonstrated that acute activation of pro-inflammatory cytokine signalling in the brain in response to peripheral immune activation is associated with deficits in hippocampal-dependent memory such as contextual fear conditioning (a). Rats treated with lipopolysaccharide (LPS) shortly after exposure to an inescapable electric shock show less 'freezing' when re-exposed to the cage in which they were previously shocked. However, they still freeze in response to a tone that was previously paired with electric shocks, a phenomenon that is known as auditory-cued fear conditioning and is dependent on the amygdala 103 (b). These behavioural data are consistent with the impairing effect of enhanced cytokine signalling on hippocampal long-term potentiation 104 . In terms of information processing, information about stimulus contingencies and behavioural response outcomes is briefly processed by sensory memory. When attended to, this information is given cognitive meaning in the working memory register before being stored in the long-term memory register (c). The cognitive load theory 105 capitalizes on the limited capacity of working memory to handle several pieces of information at the same time. This is not a problem in normal conditions as only a small amount of information needs to be processed by the working memory register. However, the intruding interoceptive sensations of sickness, which are mediated by proinflammatory cytokines during an episode of inflammation, are likely to increase the load on working memory and limit the ability to extract information about the temporal contingencies between nociceptive stimuli and exteroceptive environmental stimuli, especially when the exteroceptive stimuli lack salience (that is, diffuse contextual cues versus distinct auditory cues).
Acute-phase response
The reaction that develops in response to an injury. It is mediated by pro-inflammatory cytokines and is characterized by a local response (inflammation) and a systemic component, which includes production of acute phase proteins by hepatocytes, fever and profound changes in lipid, protein and carbohydrate metabolism.
Neurovegetative
This term refers to phenomena that are visceral and controlled by the autonomic nervous system. In the case of depression, neurovegetative symptoms include sleep disturbances, change in appetite and decreased energy.
Depression-like behaviour
Behaviour displayed by laboratory animals that mimics some features of clinical depression. These include, among others, helplessness and anhedonia. Depressionlike behaviour is normally alleviated by antidepressant drugs.
inflammation (such as cardiovascular diseases, type 2 diabetes and rheumatoid arthritis) than in the general population 5 . However, the similarity between sickness and depression is only partial; whereas sickness is an adaptive response to infection by pathogens and fully reversible once the pathogen has been cleared, this is not the case for depression. It is possible that depression represents a maladaptive version of cytokine-induced sickness, which could occur when activation of the innate immune response is exacerbated in intensity and/or duration, or that takes place in the context of an increased vulnerability to depression, for example, in individuals with hyperactive corticotrophin-releasing factor (CRH) neuronal circuits 42 . A role for cytokines in depression was first proposed by Smith 43 in the form of the 'macrophage theory of depression' and further studied by Maes in the early 1990s. Building on the observation that patients with severe clinical depression have increased blood concentrations of inflammatory biomarkers, they proposed that depression is associated with an acute-phase response. According to his theory, the pro-inflammatory cytokines that are responsible for this acute-phase reaction also cause various clinical aspects of depression, including hyperactivity of the hypothalamus-pituitary-adrenal axis, disturbed serotonin metabolism and neurovegetative symptoms 44 . Despite its originality, especially at a time when depression was thought to be associated with decreased rather than increased immunity 45 , this hypothesis failed to attract the interest of the psychiatry community. Because biomarkers of inflammation in clinically depressed patients are not always elevated, the postulate that common pathophysiological mechanisms link depression to inflammation was limited. other key components that would support this postulate were also missing, such as a demonstration that stimulation of the immune system induces depression-like disorders; identification of a possible common pathophysiological mechanism between the effects of cytokines in the brain and the neurobiological basis of depression; and proof that decreasing the inflammatory response attenuates symptoms of depression. As discussed below, research in this field has now supplied these key components.
Vegetative, somatic and psychological symptoms of depression. Nearly twenty years ago, when the recombinant human cytokines IL-2 and IFN-α were first used chronically to boost the immune system to eliminate tumours that resisted chemotherapy and radiotherapy, or to clear hepatitis C virus, clinicians noted the occurrence of severe neuropsychiatric changes, including major depressive disorders, after treatment onset in a significant percentage of patients 46, 47 . However, these neuropsychiatric complications were seen as side effects of immunotherapy. It was only eight years ago that the major depressive disorders caused by immunotherapy became a quasi-experimental model to investigate the pathophysiology of cytokine-induced depression. Systematic investigation of the symptoms that developed in cancer and hepatitis C patients receiving immunotherapy confirmed that they were caused by the treatment, and revealed that they fell into two distinct categories: early-onset neurovegetative and somatic symptoms of depression, which all patients display and which include flu-like symptoms, fatigue, anorexia, pain and sleep disorders, and late-onset psychological symptoms of depression that are experienced by up to half of patients and include mild cognitive alterations and symptoms of depressed mood, sometimes accompanied by anxiety and irritability [48] [49] [50] . Pre-treatment with paroxetine, a serotonin-reuptake inhibitor, reduces the psychological symptoms but has little or no effect on the concomitant neurovegetative symptomatology 48 . The patients who developed psychological symptoms of depression scored higher on a depression scale before immunotherapy was started 51 and had an enhanced pituitary-adrenal response following the first injection of IFN-α 52 , indicating that vulnerability to immunotherapy-induced depression involves both psychological and physiological risk factors.
Cytokine-induced depression in animal models. In order to delineate the mechanisms of cytokine-induced depression using animal models, one must demonstrate that pro-inflammatory cytokines can induce depression-like behaviour in animals. However, the occurrence of cytokine-induced sickness behaviour represents an important bias in these experiments, as some of these behaviours overlap with depression-like behaviour. For example, the reduction in motor activity that develops in sick individuals mimics the enhanced immobility that is supposed to reflect helplessness in inescapable situations, such as in the forced-swim and tail-suspension tests. In the same manner, the considerably reduced appetite of sick animals translates into a decreased intake of rewarding aliments, which mimics depression-associated anhedonia. To prove a role for cytokines in the aetiology of depression it is therefore necessary to show that specific depression-like behaviour in immunestimulated animals develops independently of obvious performance impairments (behavioural validation) and that it is relieved by antidepressant treatment (pharmacological validation).
Some indication that depression-like behaviour remained after sickness behaviour had resolved came from experiments in which LPS-treated mice displayed increased immobility in the tail-suspension test and in the forced-swim test 24 hours after treatment, a time point when motor activity had returned to normal 53 (FIG. 3) . In the same experiment, a decrease in preference for a sweetened drinking solution was still apparent when food intake and drinking had normalized.
Another approach is the use of genetic animal models of depression. For instance, fawn-hooded rats display many of the proposed animal equivalents of depression. These rats were more sensitive than normal SpragueDawley rats to IL-1β-induced immobility in the forcedswim test 54 . In terms of pharmacological validation of cytokine-induced depression-like behaviour, pre-treatment with antidepressant drugs abrogated the reduced intake of a sweetened solution in LPS-treated rats 40 and Nature Reviews | Neuroscience the decreased performance of IL-1β-treated rats in a task in which they had to progressively increase their rate of response in order to obtain a sucrose solution reward 55 . These findings in animal models confirm the observation in humans that activation of the immune system can cause depression.
A role for tryptophan? Immunotherapy alters the clinical biochemistry of patients; the most revealing sign is a pronounced reduction in plasma levels of tryptophan 56 , which correlates with the patients' depression scores 3 weeks into the treatment. Tryptophan is an essential amino acid that is actively transported into the brain for the synthesis of serotonin. The bioavailability of this serotonin precursor determines the rate of serotonin synthesis in the brain; this explains why there has been so much speculation on the relationship between circulating tryptophan levels and mood. However, the only reliable finding to date that links tryptophan levels with depression is the observation that acute tryptophan depletion decreases mood in vulnerable people who have a familial history of major depressive disorders or are drug-free in remission after an episode of major depression 57 . Thus, it is yet unclear whether the reduction in plasma tryptophan levels in patients receiving immunotherapy is causally linked to any of the psychiatric symptoms they exhibit. The fall in plasma levels of tryptophan that occurs in patients receiving immunotherapy could be due to activation of the major enzymes that metabolize tryptophan, namely tryptophan 2,3 dioxygenase (TDo) and indoleamine 2,3 dioxygenase (IDo). Both enzymes degrade tryptophan along the kynurenine pathway
. TDo is activated by cortisol, but plasma cortisol levels are not elevated in these patients. In contrast, IDo can be directly activated by a number of cytokines, including IFN-γ and TNF-α. IDo is present in accessory immune cells, including macrophages and dendritic cells, and it is expressed in all organs including the brain 58 .
The enzymatic activity of IDo is enhanced in conditions of acute or chronic activation of the immune system, including immunotherapy, acquired immunodeficiency syndrome (AIDS), atherosclerosis and coronary heart disease, rheumatoid arthritis and obesity 58 . Acute activation of TLR-4 by LPS or of TLR-2 by peptidoglycan increases circulating levels of IFN-γ in mice and potently activates IDo in both the periphery and the brain 59 . Also in mice, chronic stimulation of the immune system by inoculation with an attenuated form of Mycobacterium bovis induces a sustained elevation in circulating levels of IFN-γ and a chronic activation of IDo. Both of these events are associated with depression-like behaviour 60 . Blocking IDo activation by abrogating the expression of the cytokines that induce this enzyme, or by direct inhibition of the enzyme, reduced LPS-induced depression-like behaviour (FIG. 3 Despite its dramatic effects on circulating levels of tryptophan, activation of IDo by cytokines does not necessarily induce depression-like behaviour through alterations in the metabolism of serotonin. Indeed, blockade of IDo activation attenuated LPS-induced depression-like behaviour in mice, as mentioned above, but this effect was independent of any consistent action on LPS-induced increases in serotonin turnover. An alternative explanation for the involvement of IDo in the pathophysiology of depression-like behaviour is that degradation of tryptophan along the kynurenine pathway generates compounds that act as either agonists (for example, quinolinic acid and 3 hydroxy-kynurenine) or antagonists (for example, kynurenic acid) of the NMDA (N-methyl-d-aspartate) receptor
. The net result is probably an alteration in glutamatergic neurotransmission that could trigger the necessary conditions for the development of depression 61 .
Alternative mechanisms for cytokine-induced depression.
Although current clinical and experimental data strongly point toward the involvement of IDo in the development of inflammation-associated major depressive disorders, it is probably not the sole mechanism. For instance, there is evidence that LPS and pro-inflammatory cytokines increase tryptophan uptake in the brain and enhance 
Glucocorticoid receptor resistance
This occurs despite normal or excessive concentrations of glucocorticoids. It is sometimes caused by loss-of-function mutations in the glucocorticoid receptor and, more commonly, by events that occur during chronic inflammation, ultimately leading to a reduction in the ability of glucocorticoids to translocate into the nucleus. serotonin turnover 62 . Furthermore, IL-1β and TNF-α stimulate serotonin uptake in mouse midbrain and striatal synaptosomes, and these effects are mediated by activation of the p38 mitogen-activated protein (MAP) kinase 63 . IFN-α decreases the expression of serotonin receptor 1A in various non-neuronal cell lines and this effect is antagonized by co-incubation with two classical antidepressant drugs, desipramine and fluoxetine 64 . These findings indicate that cytokines might modulate serotonergic neurotransmission by mechanisms other than the IDo-mediated decrease in tryptophan levels and the generation of neuroactive tryptophan metabolites.
Non-serotonergic mechanisms might also be involved in immunotherapy-induced clinical depression. A hyperactive hypothalamus-pituitary-adrenal axis is often associated with clinical depression 65 . Pro-inflammatory cytokines acutely and potently activate the hypothalamus-pituitary-adrenal axis. This effect is usually attributed to increased production of CRH 66 , although vasopressin takes precedence over CRH 67 when inflammation is chronic. In biological psychiatry, CRH and vasopressin have a long history as candidate neuropeptides for accounting for symptoms of depression 68, 69 . The molecular mechanisms responsible for the increased production and release of CRH in clinically depressed patients are still being explored. In conditions of chronic inflammation, pro-inflammatory cytokines can cause glucocorticoid receptor resistance in immunocytes and their cellular targets through the induction of the MAP kinases c-jun N-terminal kinase (jNK) and p38 (REF. 45 ). In addition, pro-inflammatory cytokines seem to promote expression of the β isoform of the glucocorticoid receptor that is inactive but still able to bind its ligand 70 . At the hypothalamic level, this cytokine-dependent glucocorticoid receptor resistance can explain the reduced ability of glucocorticoids to down-regulate the production of CRH. At the level of peripheral and central innate immune cells, the normally inhibitory effect of glucocorticoids on cytokine production and action would no longer be operative, setting the condition for a feed-forward cascade that would result in an ever-increasing production of pro-inflammatory cytokines. This increased inflammatory response in the brain results in a decreased inhibitory feedback on CRH by glucocorticoids, thereby intensifying the stress-response system 71 . Taken together, these findings indicate that proinflammatory cytokines can cause depression by several mechanisms, including activation of IDo. This leads to the generation of neuroactive tryptophan metabolites and glucocorticoid receptor resistance, which amplifies the inflammatory response and leads to excessive production of CRH.
Neuroanatomy of cytokine-induced depression.
The search for a possible neuroanatomical basis of cytokineinduced depression has focused on the brain circuits that are involved in emotion processing and psychomotor retardation, both of which are altered in patients with clinical depression. Neuroimaging data of clinically depressed patients show decreased baseline activity in the frontal and temporal cortex and the insula, and increased activity in the cerebellum, subcortical and limbic regions 72 . In agreement with this, cancer patients treated with IFN-α display decreased glucose metabolism in the dorsal prefrontal cortex but increased glucose metabolism in the cerebellum and basal ganglia 73 . None of these changes correlated with scores of depressed mood, probably because these studies were carried out at an early stage of IFN-α therapy when neurovegetative symptoms predominate over depressed mood. However, hypermetabolism in the left putamen and nucleus accumbens significantly correlated with fatigue and lack of energy. In patients receiving IFN-α for the treatment of hepatitis C, the fatigue and impaired concentration
Box 1 | IDO degrades tryptophan through the kynurenine pathway
Tryptophan is an essential amino acid that is required for protein synthesis and serves as a precursor for serotonin. Normally, the majority of dietary tryptophan (>95%) is oxydatively degraded in the liver through the kynurenine pathway and only a small portion of it is used for the synthesis of serotonin. Tryptophan oxidation is catalyzed by tryptophan dioxygenase (TDO), which generates nicotinamide adenine dinucleotide (NAD) (not shown). Tryptophan oxidation can also occur extrahepatically by the enzyme indoleamine 2,3 dioxygenase (IDO) (see figure) . Although tryptophan degradation by IDO is normally negligible, IDO is highly inducible by pro-inflammatory cytokines, including interferon-γ (IFN-γ) and tumour necrosis factor-α (TNF-α).
Degradation of tryptophan through the kynurenine pathway has important neuropsychiatric implications. Decreased tryptophan concentrations have the potential to influence serotonergic neurotransmission in the brain as tryptophan is the precursor of serotonin and its bioavailability regulates the synthesis of serotonin. In addition, IDO is expressed in the brain so that fluctuations in its enzymatic activity can affect serotonin biosynthesis.
The major metabolite of tryptophan, kynurenine, is readily transported across the blood-brain-barrier into the brain where it can be further metabolized in perivascular macrophages, microglia and astrocytes to generate neuroactive compounds. Kynurenine is degraded along one of two catabolic branches, leading to the formation of either 3-hydroxykynurenine (3-HK) and quinolinic acid (QA) or kynurenic acid (KA). 3-HK generates free-radical species that can cause oxidative stress and lipid peroxidation, whereas QA is an N-methyl-d-aspartate (NMDA) receptor agonist. By contrast, KA is an NMDA receptor antagonist that has been speculated to be neuroprotective. These apparently antagonistic pathways are compartmentalized within the brain: microglia preferentially produce QA, whereas astrocytes produce KA 95 . In light of recent evidence suggesting a role of heightened glutamate receptor activity in major depression, an imbalance of kynurenine pathway metabolites might underlie inflammation-associated depressive disorders 61 .
Psychomotor retardation
A generalized slowing of physical and mental activity, frequently occurring as a symptom of severe depression.
Co-morbidity
The presence of one or more diseases in addition to a primary disease.
Illness behaviour
In health psychology, illness behaviour refers to any behaviour undertaken by an individual who feels ill in order to relieve that experience and to better understand the meaning of disease symptoms. It is profoundly influenced by the social context and psychological factors, and manifests itself by denial or amplification of symptoms, attributional processes, a search for medical information, decisions for entering or leaving the health care system, and adherence to treatment.
that are induced by the treatment were not associated with changes in activity of parietal and occipital brain regions, as assessed by functional magnetic resonance imaging 73 . However, IFN-α-treated patients showed a greater activation of the anterior cingulate cortex during a high-demand visuo-spatial attention task 74 . This hyperactivity was highly correlated with the number of task-related errors in IFN-α-treated patients despite the lack of any effect of IFN-α on the number of errors. These data are consistent with the greater difficulty of IFN-α-treated patients to regulate their emotions 50 . However, the possible relationship between hyperactivity of the anterior cingulate cortex and depressed mood was not investigated in this study.
In animal studies, variation in the expression of the immediate early gene c-fos has been used to map brain areas that are involved in cytokine-induced depression-like behaviour. LPS increased c-fos expression in the paraventricular hypothalamus and bed nucleus of the stria terminalis, but abolished the increased expression of c-fos that is normally observed in the motor, cingular and piriform cortex, locus coeruleus and nucleus accumbens of mice when they are exposed to new cages with fresh bedding 75 . The same differential effects were observed on MAP kinase activation in the cingular cortex and paraventricular hypothalamus 75 . The changes in c-fos expression were observed at the peak of LPS-induced sickness behaviour (3.5 hours post-LPS) and could therefore be explained by the interference of sickness with the ability of mice to move around and explore their surroundings. Nevertheless, the affected brain structures might be involved in the reduction of positively-motivated behaviour that is characteristic of cytokine-induced depression. In order to avoid this ambiguity, a neuroanatomical characterization of the brain areas that mediate cytokine-induced depressionlike behaviour was carried out later, when sickness had dissipated but depression-like behaviour was still apparent 53 . For this purpose, the expression of FosB and its truncated splice variant ∆FosB were measured, both of which have a longer half-life than c-fos and accumulate during repeated or long-lasting stimulation 53 . As expected, c-fos expression was transiently expressed in the brain areas that coordinate the behavioural, endocrine and autonomic components of LPS-induced sickness. However, c-fos expression remained elevated 24 hours post-LPS in most of the structures of the extended amygdala and several hypothalamic areas in which a delayed increase in FosB/∆FosB immunoreactivity was observed. FosB/∆Fos B was also elevated in the hippocampus.
Although these observations are indirect and qualitative as far as the relationship with LPS-induced depression-like behaviour is concerned, they point to a possible role of the hippocampus, extended amygdala and hypothalamus in the pathophysiology of cytokineinduced depression. This would be consistent with the proposed implication of these brain areas in affective disorders 76 , but it does not necessarily mean that there is a full overlap between the brain areas that are involved in major depressive disorders and those that are activated in cytokine-induced depression. Indeed, in a model of localized bronchopulmonary immune activation, only a specific subset of serotonergic neurons in the interfascicular region of the dorsal raphe nucleus were activated, as assessed by increased c-fos expression 77 . This subpopulation of serotonergic neurons is not the same as that which responds to anxiety-inducing stimuli. The origin of this neuroanatomical specificity is unknown but could be related to a more general difference in the way the brain processes interoceptive versus exteroceptive information 78 .
Implications for depression in medically ill people A growing amount of clinical data point to the importance of the relationship between inflammation and depression in physically ill patients and in conditions that are associated with increased activity of the innate immune system, including ageing and obesity. For instance, the prevalence of co-morbid depression in patients with coronary heart disease, a disease in which inflammation is now recognized as a major contributing factor, is three times higher than in the general population 79 . Depression has long been known to be a risk factor for subsequent cardiac events and mortality, which is usually explained by the detrimental effects of depression on illness behaviour including adherence to treatment. However, this traditional view of the relationship between inflammation and morbidity/mortality in physically ill patients is challenged by the new hypothesis, set out in this Review, that depression can actually be caused by inflammation in vulnerable patients 41 (FIG. 4) .
Testing this hypothesis in the clinic has been difficult owing to the lack of unanimously accepted biomarkers of inflammation, excessive reliance on psychiatric diagnosis of major depression, inadequacy of psychological scales of depression (especially for measurement of neurovegetative symptoms), lack of widely recognized vulnerability factors and the predominance of cross-sectional over longitudinal investigations. Despite these difficulties, a few attempts are under way to treat symptoms of depression with anti-inflammatory drugs. encouraging results have been obtained by blocking TNF-α in patients with psoriasis 80 and from the administration of CoX2 inhibitors to patients with major depression 81 . However, such studies are certainly premature in the absence of sufficient knowledge on the pathophysiological mechanisms linking inflammation to sickness and depression.
In general, it is easier to link inflammation to depression when depression is considered as a continuous dimensional variable rather than a categorical entity, as this allows one to take into consideration moderate and subclinical levels of depressed mood 5 . For instance, a prospective study of 267 85-year-old subjects with no psychiatric history revealed that elevated biomarkers of inflammation preceded the onset of depressed mood in an aged population with no psychiatric history 82 .
To explain how inflammation can modulate depressed mood, it is useful to come back to animal data. Aged mice are more sensitive than young adults to not only LPS-induced sickness behaviour but also to LPS-induced depression-like behaviour, and this is associated with an exaggerated inflammatory response in the brain 83 . However, in the absence of an acute immune stimulation, aged mice do not differ from young adults in their behaviour in animal models of depression. In other words, their increased inflammatory status remains behaviourally silent until it is challenged. This condition is very similar to the one observed in mouse models of chronic neurodegenerative disease, in which a peripheral immune activation is necessary to reveal the primed state of the microglial compartment
. Translated back to the clinical world, the implication is that fluctuations in the neurovegetative, somatic and psychological dimensions of depression are more likely to parallel fluctuations in inflammatory status under conditions of activation of the innate immune system (for example, when the microbial burden increases) than at baseline. The probability of detecting an association between inflammation and depression should therefore be much higher in a longitudinal than in a cross-sectional study, which is consistent with the available literature.
Future directions
The findings described here indicate that we are starting to understand why we feel sick and behave accordingly when we are ill. We now also recognize that inflammation is an important biological event that increases the risk of occurrence of major depressive episodes, much like the more traditional psychosocial factors such as the death of a loved one. Importantly, the rapid increase in knowledge about immune-to-brain communication must be translated into clinical practice.
In the clinic, symptoms of sickness (for example, fatigue, reduced appetite, sleep disorders, altered mood and cognition) are well known to have a negative impact on the quality of life of patients with chronic inflammatory disorders, but not much can be done to alleviate these symptoms. Controlled studies are necessary to validate the putative beneficial value of various nutriments and intervention (for example, physical exercise) on the symptoms of sickness. Such studies can now be carried out at the preclinical and clinical levels by not only evaluating clinically relevant end-points (for example, alleviation of fatigue or depressed mood) but also by taking into account intermediate mechanisms using biomarkers of inflammation. If confirmed in the clinic, the efficacy of compounds targeting IDo and inflammatory mediators for the alleviation of symptoms of depression will open new opportunities for drug development. However, as such compounds have the potential to compromise resistance to infection, targets in the brain should be preferred over peripheral ones.
At the basic science level, it must be recognized that research into cytokine-induced sickness behaviour is still in its infancy. For example, the neurobiological mechanisms underlying the behavioural effects of proinflammatory cytokines have rarely been investigated in enough detail to be able to relate a given behavioural effect of a cytokine to a specific action in a well-defined area(s) in the brain 29 . Micropharmacology experiments that use both in vivo dialysis and approaches that target inflammatory mediators in specific brain areas need to Figure 4 | Depression as a consequence of decompensation of the mechanisms that regulate sickness. Sickness behaviour in response to an infectious episode is normally reversible owing to the ability of the immune system to clear infectious pathogens and to the recovery mechanisms that oppose the production and action of pro-inflammatory cytokines, both in the periphery and the brain. Clinical evidence shows that depression can develop on a background of sickness with which it shares many of the neurovegetative and psychological components. Studies in animals show the same phenomenon. Decompensation of the mechanisms that regulate sickness behaviour can occur in vulnerable patients whose inflammatory response is more intense because the balance between pro-and anti-inflammatory mediators is shifted towards inflammation (for example, hyperproduction of tumour necrosis factor-α (TNF-α), insufficient production of interleukin (IL)-10 and glucocorticoid resistance). It can also occur in patients whose brain sensitivity to immune-mediated events is higher because of disturbed neurotransmitter metabolism, for example, less efficient serotonergic functioning owing to homozygosity for the short allele of the serotonin transporter gene. HPA, hypothalamus-pituitary-adrenal; SWS, slow-wave sleep; REM, rapid-eye movement sleep.
be implemented in order to define the cause-effect relationships more clearly. The field will also benefit from newly-developed technologies that use approaches based on genomic biology. Furthermore, as behaviour has a temporal component, techniques that enable continuous monitoring of biologic phenomena have considerable advantages over techniques that require euthanasia of animals at specific time points. In particular, optical recording of either neuronal activity in vivo using voltage-sensitive dye imaging 84 or activation patterns of molecules labelled with genetically encoded, green-fluorescent-protein-based indicators (for example, CoX2
(REF. 85 ) and IDo 86 ) could enlighten our understanding of the neural basis of cytokine-induced sickness and depression-like behaviour.
very little is known about the contribution of immune-cell trafficking in the brain to the activation of pro-inflammatory cytokine signalling and its behavioural consequences, even though this is likely to be important in CNS diseases. For example, depression is a highly prevalent co-morbid condition in multiple sclerosis 87 . This autoimmune neuroinflammatory disease can be modelled in rodents by a condition known as experimental allergic encephalomyelitis (eAe) that is associated with clear signs of sickness and depression-like behaviour 88, 89 . elucidation of the temporal dynamics of immune cell recruitment in the brains of mice with eAe 90, 91 provides a valuable tool for studying the contribution of leukocyte trafficking to the activation of cytokine signalling in the brain and to the development of sickness and depression-like behaviour in this model.
A consideration of the possible recruitment of proinflammatory cytokines by non-infectious stimuli, such as hypoxia 92 , through the release of catecholamines is also quite likely to provide new insights into the pathophysiology of the increased prevalence of depression in individuals with obstructive sleep apnea 93 or chronic obstructive pulmonary disease 94 . Finally, the demonstration of a possible contribution of the immune system to the development of depression is likely to open new avenues in psychopathology. The cytokine theory of depression is certainly attractive for a field that is short of real innovations. However, the identification of the intracellular molecular mechanisms that are at the origin of the association between inflammation and depression will provide valuable targets for the development of new antidepressant drugs only if the activation of brain pro-inflammatory cytokine signalling is proven to represent the final common pathway for the various conditions that lead to depression. This task is still in its infancy.
Box 2 | Mechanisms of enhanced response to systemic inflammation
Conditions of chronic inflammation exacerbate the sickness and depression-like behaviours that develop in response to acute peripheral inflammation. This phenomenon can be seen in murine models of prion disease 96, 97 , type 2 diabetes 39,98 and normal ageing 98 , and might be due to an effect called 'priming'. For example, in macrophages that have previously been exposed to interferon-γ (IFN-γ) (the priming stimulus), exposure to a triggering stimulus, such as lipopolysaccharide (LPS), leads to an exaggerated production of pro-inflammatory cytokines. Priming of macrophages involves several molecular mechanisms 99 , including upregulation of Toll-like receptors (TLRs) and accessory molecules (for example, CD14 for TLR-4); increased expression of intracellular signalling components that are essential for most TLRs, such as the adaptor protein MyD88 and downstream activation of nuclear factor-kappa B (NFκB); and synergy of transcription factors on TLR promoters.
Although microglia can be primed in conditions of chronic inflammation, there is more to this concept than what was originally defined as priming of macrophages. For example, increased production of interleukin (IL)-1β in aged mice is associated with decreased production of the anti-inflammatory cytokine IL-10 (REF. 37). In obese mice, LPS induces more IL-1β but less IL-1 receptor antagonist and IL-1 receptor II (REF. 39) than in non-obese mice. Both of these phenomena can be explained by the concept of phenotypic heterogeneity of microglial cell populations 100 . Another complicating factor is that exaggerated sickness responses can occur because of an increase in the number or type of leukocytes in the brain. For example, chronic neurodegenerative diseases are associated with increasing numbers of microglia 100 . Furthermore, dendritic cells and T-lymphocytes gradually invade the healthy aging brain 101 . Mast cells can also release pre-formed pro-inflammatory cytokines in response to TLR ligands following their rapid migration from blood to the perivascular space of the brain parenchyma, especially in the non-specific sensory thalamus 102 .
